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Abstract  20 
China is seeking to unlock its shale gas in order to curb its notorious urban air 21 
pollution, but robust assessment of the impact on PM2.5 pollution of replacing coal 22 
with natural gas for winter heating is lacking. Here, using a whole-city heating energy 23 
shift opportunity offered by substantial reductions in coal combustion during the 24 
heating periods in Urumqi, northwest China, we conducted a four-year study to reveal 25 
the impact of replacing coal with natural gas on the mass concentrations and chemical 26 
components of PM2.5. We found a significant decline in PM2.5, major soluble ions and 27 
metal elements in PM2.5 in January of 2013 and 2014 compared with the same periods 28 
in 2012 and 2011, reflecting the positive effects on air quality of using natural gas as a 29 
whole-city heating fuel. This occurred following complete replacement with natural 30 
gas for heating energy in October 2012. The weather conditions during winter did not 31 
show any significant variation over the four years of the study. Our results reveal that 32 
China and other developing nations will benefit greatly from a change in energy 33 
source, i.e., increasing the contribution of either natural gas or shale gas to total 34 
energy consumption with a concomitant reduction in coal consumption.  35 
Introduction 36 
Concerns about the effects of atmospheric particulate matter (hereafter referred to as 37 
PM) range from their influence on biogeochemical processes 
1, 2
 and climate change 
3, 
38 
4
 to public health.
5, 6
 Recent interest in China has focused on PM2.5 (fine particles; PM 39 
with aerodynamic diameter ≤ 2.5 μm) because numerous studies have provided 40 
convincing evidence of an association between ambient PM2.5 and regional haze
7-9
 as 41 
well as human mortality/morbidity.
10-12
  42 
Existing field observations in China reveal that PM2.5 levels in urban sites show a 43 
distinct seasonal pattern, with much higher mass concentrations in winter than in 44 
summer.
13-15
 This is particularly true in northern China where coal-based heating 45 
systems in winter have become the dominant sources of SO2, NOx and primary PM. 46 
According to Chen et al.,
16
 extended-use heating systems that substantially intensify 47 
total suspended particulate (TSP) pollution have resulted in an average loss of more 48 
than five years
 
of life expectancy for the 500 million residents of the northern China. 49 
Moreover, Meng et al.
11
 have explored the association between size-fractionated 50 
particle number concentrations and daily mortality in Shenyang (capital city of 51 
Liaoning province, northeast (NE) China) and conclude that adverse health effects 52 
may increase with decreasing particle size. In Xi’an (capital city of Shaanxi province, 53 
northwest (NW) China) Huang et al.
10
 observed a greater risk from PM2.5 and selected 54 
species on all causes of mortality during periods of heating from 2004 to 2008. 55 
Although coal can be expected to continue playing a vital role as an abundant and 56 
economic energy source in the foreseeable future, these studies clearly indicate that a 57 
strategy of switching away from coal to other energy sources for heating in China is 58 
urgently needed. 59 
The environmental benefits of replacing coal with other energy sources (e.g., 60 
biofuels, wind, hydro, solar, and nuclear power) are well established in various 61 
scenarios.
17-19
 Natural gas is increasingly considered to be a promising fossil fuel in 62 
China in the transition to renewable sources. It is regarded as a fuel that can reduce 63 
concentrations of greenhouse gases (GHG) and PM and its precursors (mainly SO2 64 
and NOx).
20  
Official data show that Chinese domestic proven recoverable reserves of 65 
(conventional) natural gas are 1.5% of the world total, and as such have been viewed 66 
as a luxury. However, the past decade has witnessed the rapid development of new 67 
technologies allowing the widespread recovery of natural gas from shale formations in 68 
the US and this has brought about economic revival during the 2008-2009 global 69 
financial crisis and has also reshaped the energy landscape of the US with profound 70 
geopolitical implications.
21
 It is also worth noting that there is continuing concern 71 
about the adverse environmental risks related to air, water, and geology as well as 72 
public health from shale energy development which highlights the importance of 73 
effective governance.
22, 23
 74 
A study shows that China has a total of 25.08 trillion cu m of proven reserves of 75 
shale gas, equivalent to nearly 200 times its annual gas consumption.
24
 Mounting 76 
public pressure regarding air pollution is pushing the government to embrace natural 77 
gas to reduce atmospheric (e.g., SO2, NOx, primary PM) emissions. However, China 78 
is still in the nascent stage of shale gas development and the shale gas revolution is 79 
still a dream. One of the unanswered questions behind this proposed development is 80 
to what extent natural gas can achieve improvements in air quality. Although we have 81 
witnessed several successful examples of improvements in air quality (e.g., during the 82 
2008 Beijing Olympic Games and the 2010 Shanghai World Expo) after introducing a 83 
series of aggressive emissions control plans (including phasing out coal-fired power 84 
plants, powering more cars and buses with natural gas, and raising standards for 85 
vehicle emissions),
25-29
 a city-wide systematic assessment of the benefits to air quality 86 
from switching to natural gas is clearly lacking.  87 
Xinjiang province in NW China is known for its vast oil and gas reserves and has 88 
become the biggest energy base in China. Since 2011 Urumqi, the capital city of 89 
Xinjiang, has implemented a large-scale policy of shifting from coal to natural gas to 90 
improve temporarily its air quality during the winter heating period (usually from 15 91 
October to 15 March the following year). By taking advantage of this unique 92 
opportunity, we conducted a study over four consecutive years (2011-2014) to 93 
examine the relationships between substantial changes in energy use and changes in 94 
levels of polluting gases and PM concentrations in an attempt to provide solid 95 
evidence for the potential role that shale gas might play in the national air quality 96 
control strategy in the future.  97 
Materials and Methods 98 
Site description  99 
Sampling was conducted at Shengdisuo (SDS) (43°51′N, 87°33′E, 775 m above mean 100 
sea level) in Urumqi city, Xinjiang Uygur Autonomous Region, northwest China (Fig. 101 
S1, Supporting Information). Urumqi has a population of 2.2 million with a total area 102 
of approximately 14000 km
2
 and is surrounded by the Tianshan Mountains. The SDS 103 
site is an urban monitoring site surrounded by a business district, residential areas and 104 
major roads. The sampling site is about 100 m west of a heating supply station which 105 
supplies heating from mid-October every year. Heating in winter with natural gas 106 
gradually replaced coal in the main city of Urumqi during the 2013 to 2014 heating 107 
period (Fig. S2, Supporting Information).  108 
Sampling procedure and sample analysis  109 
Airborne PM2.5 were sampled using a particulate sampler (TH-16A, Tianhong Inc., 110 
Wuhan, China) with a flow rate of 16.7 L min
−1
, and 25-28 daily samples of PM2.5 111 
were collected at SDS site during the month of January in 2011, 2012, 2013 and 2014. 112 
The sampler was placed about 2 m above the ground and ran for 24 h to obtain a 113 
particulate matter sample on 47 mm quartz filters (Whatman, Maidstone, UK). Before 114 
and after sampling, each filter was conditioned for at least 24 h inside an artificial 115 
climate chamber at a relative humidity of 50% and a temperature of 25 °C, and then 116 
weighed (Sartorius, Göttingen, Germany; precision 10 μg). PM2.5 mass concentrations 117 
were determined from the mass difference and the sampled air volume. Each sampling 118 
filter was extracted with 10 ml deionized water (18.2 MΩ) by ultrasonication for 30 119 
min, and the extract solution was filtered through a syringe filter (0.22 μm, Tengda 120 
Inc., Tianjin, China) then stored in a refrigerator. Ammonium and nitrate in PM2.5 121 
were measured with a continuous flow analyzer (AutoAnalyzer 3, Germany), sulfate, 122 
chloride and the major cations (Ca2+, Mg2+, K+, and Na+) by an ion chromatography 123 
system (ICS5000, Dionex, USA), and metal (loid) elements Cr, As, Ni, Mn, Cu, Cd, 124 
Pb and Al by ICP Mass Spectrometry (ELAN DRCⅡ, PerkinElmer, USA). However, 125 
only ammonium and nitrate were measured in PM2.5 samples in January 2011. 126 
Monthly mean air temperature, wind speed, relative humidity and precipitation in the 127 
month of January in 2011, 2012, 2013 and 2014 at the SDS site are shown in Fig. S3 128 
and synoptic weather maps at the surface (1000 mb) around Urumqi during the same 129 
periods are given in Fig. S4 (Supporting Information), data downloaded from the 130 
Internet.
30
 131 
Quality Assurance/Quality Control 132 
We analyzed three field blanks at every batch of samplers to monitor for 133 
contamination or interferences. Sample concentrations were determined from external 134 
calibration curves prepared at concentrations ranging from 1 to 1000 µg L
-1 
for As, Cr, 135 
Mn, Ni, Cu, Cd, Pb and Al, and 0.5 to 50 mg L
-1
 for SO4
2-
, Cl
-
, Na
+
, K
+
, Mg
2+
 and 136 
Ca
2+
, and 0.4 to 2.0 mg L
-1
 for NH4
+
 and NO3
-
. The limits of quantification were 137 
restricted to water soluble ions or metals and the limits of detection were  0.01 mg 138 
L
-1
 for major anion and cation ions, and 10 ng L-1 for metal elements. The lab 139 
belongs to Chinese State Key Laboratory for Oasis and Arid Ecosystems and has a 140 
complete quality control system. We have monitored the blank (treated syringe filters 141 
without sampling) and standard (designed specific concentrations of various ions and 142 
metal elements) samples at each measurement event. Normally, the results from the 143 
blank samples were around or below the detection limits while the differences 144 
between the measured and 'theoretical' results from the standard samples were 145 
controlled to be lesser than 5%. 146 
Statistical analysis 147 
Values of PM2.5, NH4
+
, NO3
-
, SO4
2-
, Cl
-
, Na
+
, K
+
, Mg
2+
, Ca
2+
, Cr, As, Ni, Mn, Cu, Cd, 148 
Pb and Al concentrations in each month at SDS site are shown as mean ± standard 149 
error (s.e.). All statistical analysis (Pearson correlation analysis and one-way analysis 150 
of variance) was performed using the SPSS 16.0 statistical package (SPSS Inc., 151 
Chicago, IL). 152 
Results 153 
Mass concentrations of PM2.5 154 
As shown in Fig. 1, daily PM2.5 concentrations ranged from 101 to 568, 69.8 to 688, 155 
35.6 to 265 and 19.2 to 207 μg m-3 in January 2011, 2012, 2013 and 2014, 156 
respectively. The monthly average PM2.5 concentrations at SDS site were 322 (±26.1), 157 
323 (±37.6), 120 (±10.1) and 78.9 (±8.1) μg m-3 in January 2011, 2012, 2013 and 158 
2014, respectively. Compared with the average of January 2011 and 2012, monthly 159 
mean PM2.5 concentrations in January 2013 and 2014 decreased by 62.8 and 75.5%, 160 
showing a highly significant decline (P<0.01). We also found similar decrease in 161 
PM2.5 in Winter (from October in the first year to April in the next year) in 2012/2013 162 
and 2013/2014 compared with in 2010/2011 and 2011/2012 (Fig. S5, Supporting 163 
Information). We summarized weather condition (wind speed, relative humidity and 164 
air temperature) for several groups and compared PM2.5 concentrations in January 165 
from 2011 to 2014 (across four years) under the same or similar weather conditions 166 
(Fig. 2). The results reveal significant decrease in PM2.5 levels in 2013 and 2014 167 
compared with 2011 and 2012 at the same wind speed, relative humidity and/or air 168 
temperature in most cases. 169 
Concentrations of particulate water-soluble inorganic ions, arsenic and metal 170 
elements  171 
Concentrations of particulate water-soluble inorganic ions and metal elements in 172 
PM2.5 at the SDS site in January 2012, 2013 and 2014 are shown in Figs. 3 and 4. 173 
Most of the water-soluble inorganic ion (e.g., NH4
+
, NO3
-
, SO4
2-
, Cl
-
, Na
+
, K
+
, Mg
2+
, 174 
Ca
2+
) concentrations decreased significantly (P<0.01) in January 2013 and 2014 175 
compared with those in January 2012, with the sole exception of K
+
. Similarly, metal 176 
(Cr, Mn, Ni, Cu, Cd, Pb and Al) and arsenic (As) concentrations decreased 177 
significantly in January 2013 and 2014 compared with January 2012 (P<0.01). 178 
Discussion 179 
Daily PM2.5 concentrations ranged from 19.2 to 688 μg m
-3
 in January from 2011 to 180 
2014 at the SDS site in Urumqi. The Chinese second class standard of daily PM2.5 181 
concentrations is 75 μg m-3. The concentrations of PM2.5 in all the 27 days during 182 
which samples were collected in January 2011 exceeded the Chinese second class 183 
standard of Ambient Air Quality Standard. Also, twenty-four day PM2.5 concentrations 184 
during the 25 days of monitoring in January 2012 exceeded the second class standard 185 
of Ambient Air Quality for the PM2.5 Standard. By comparison, the situation of PM2.5 186 
pollution changed in January 2013 and 2014. Only 6 days of PM2.5 concentration 187 
measurement in 28 days of monitoring in January 2013 and 12 days during 26 days in 188 
January 2014 exceeded the second class standard of Ambient Air Quality Standard. 189 
Both monthly PM2.5 concentrations and daily PM2.5 concentrations in January 2011 190 
and 2012 were significantly higher than those in January 2013 and 2014. We analyzed 191 
the meteorological factors in January of 2011, 2012, 2013 and 2014 (Fig. S3, 192 
Supporting Information) and found significantly low temperature in January 2011, 193 
high relative humidity in 2012, high wind speeds and relatively low precipitation in 194 
2013 compared with the same month (January) in the other three years. However, we 195 
observed that weather data for at least one year in each group (2011-2012 or 196 
2013-2014) were not significantly different from the other group when we compared 197 
any single weather parameter in January 2011 and 2012 with January 2013 and 2014. 198 
In addition, we found the same significant decreasing trend for PM2.5 levels in January 199 
2013 and 2014 compared with the same period of 2011 and 2012 when we grouped 200 
and compared all monitoring days in different years based on similar weather 201 
conditions (e.g., wind speed, relative humidity and air temperature) (Fig. 2). For 202 
example, PM2.5 concentrations decreased when the wind speed increased from > 1 m 203 
s
-1
 to > 2 m s
-1
 during the January from 2011 to 2014, showing that winds were 204 
conductive of the spread of PM2.5. However, under the same or similar wind speed, 205 
PM2.5 concentrations were significantly lower in January 2013 and 2014 than in 206 
January 2011 and 2012 in most cases. Therefore it can be inferred that meteorological 207 
conditions are not the main factors responsible for the significant changes in PM2.5 208 
concentrations. Synoptic weather maps at the surface (1000 mb) of northwest China 209 
(Fig. S4) show that uniform high pressure and low wind speed prevail over Urumqi 210 
through January of each year, further indicating that local pollutant emissions 211 
dominate the pollution evolution in our study periods. 212 
The large-scale project “shifting from coal to natural gas” was implemented after 213 
the 2012-2013 heating season. The natural gas heating area occupied only a small part 214 
of the total heating area during the 2010-2011 and 2011-2012 heating seasons, and in 215 
the 2012-2013 heating season the natural gas heating area occupied 76% of the total 216 
heating area, and heating with natural gas gradually replaced coal in the main city of 217 
Urumqi during the heating period from 2013 to 2014 (Fig. S2, Supporting 218 
Information). Since the implementation of the project “shifting from coal to natural 219 
gas”, the consumption of natural gas has increased rapidly during the heating season 220 
(Figs. S6 and S7, Supporting Information). Meanwhile, coal consumption has 221 
decreased by about 5,000,000 tons, sulfur dioxide emissions (SO2) by about 35,000 222 
tons and soot by about 17,000 tons in the 2012-2013 heating season compared with 223 
the 2011-2012 heating season. A further coal consumption saving up to 7 million tons 224 
will be achieved in the 2013-2014 heating season.
31
 We can conclude that heating 225 
with natural gas as a replacement for coal can significantly reduce the winter 226 
concentrations of PM2.5 in Urumqi.  227 
Coal combustion has been the major source of PM2.5.
32
 In our study the 228 
concentrations of PM2.5 were reduced by 62.8% and 75.6% after the introduction of 229 
heating with natural gas in January 2013 and 2014 instead of coal in January 2012. 230 
Although the project “shifting from coal to natural gas” has significantly reduced the 231 
concentration of PM2.5, pollution levels are still very high in Urumqi. PM2.5 232 
concentrations in Urumqi are much higher than those in Bishkek, where monthly 233 
PM2.5 concentrations average only 11.7 μg m
-3
.
33 
Both Urumqi and Bishkek are 234 
located in the northern Tianshan Mountains, central Asia. The monthly PM2.5 235 
concentrations in Urumqi are moderate compared to other cities in China. The PM2.5 236 
concentration (120 µg m
-3
) in January 2013 (after the shift from coal to natural gas for 237 
winter heating) in Urumqi was lower than that in Beijing (158 µg m
-3
) or Xi'an (345 238 
µg m
-3
) but was still higher than in Shanghai (90.7 µg m
-3
) or Guangzhou (69.1 µg m
-3
) 239 
during the same period.
34 
 240 
Together with the reduction in PM2.5 concentrations the water-soluble chemical 241 
components in PM2.5 (except for K
+ 
ions) were significantly reduced (Fig. 3). K
+
 is 242 
derived mainly from biomass burning.
20
 It follows that heating with natural gas or 243 
coal will not significantly influence the concentration of K
+
 in PM2.5.  244 
Sulfate ions (SO4
2-
) and nitrate ions (NO3
-
) are formed by the oxidation of sulfur 245 
dioxide (SO2) and nitrogen dioxide (NO2).
25
 Most of the SO2 and NOx emissions are 246 
from coal combustion.
33, 35
 Burning coal is known to produce much higher NOx and 247 
SO2 emissions than burning natural gas.
36
 Compared with the 2011-2012 heating 248 
period (heating with coal), coal consumption fell by 5,000,000 tons and sulfur dioxide 249 
emissions by 200,000 tons during the 2012-2013 heating period (heating with natural 250 
gas).
37
 The decreased SO4
2-
 and NO3
- 
concentrations in January 2013 and 2014 are 251 
attributable to heating with natural gas instead of coal. 252 
In our study, we found that NH3 concentrations in January in 2013 and 2014 were 253 
significant higher than in January in 2011 and 2012 (Fig. S8, Supporting Information). 254 
Ammonium ions (NH4
+
) were formed by the reaction of ammonia (NH3) with acid 255 
gases (SO2, NOx and HCl). The implementation of the project “shifting from coal to 256 
natural gas” reduced emissions of acid gases (SO2, NOx and HCl). There were not 257 
enough acid gases in the air to react with NH3 to form ammonium ions. NH3 in the air 258 
was mainly in gaseous form. We infer that supply of heating with natural gas instead 259 
of coal can significantly decrease the concentration of NH4
+ 
in PM2.5 indirectly. In our 260 
study, we found a good relationship between SO4
2-
 and NH4
+
. The correlation 261 
coefficients were 0.997 and 0.899 in January 2012 and 2013. 262 
We found a good association between Na
+
 with Cl
-
, with correlation coefficients of 263 
0.941 and 0.785 in January 2012 and 2013. We can infer that the two ions may have 264 
the same sources. Studies by Dou et al.
38
 suggested that burning coal can produce HCl 265 
and SO2. In order to reduce SO2 and HCl emissions, CaO and NaHCO3 are used in 266 
power stations to react with H2SO4 and HCl.
39
 As a result, some PM in the forms of 267 
CaSO4, Na2SO4, CaCl2 and NaCl are produced. Natural gas combustion produces less 268 
SO2 than does coal burning.
36
 There is no evidence to indicate that burning natural gas 269 
can produce HCl. Supply of heating with natural gas instead of coal can therefore 270 
decrease the concentrations of Cl
-
, Na
+ 
and Ca
2+ 
in PM2.5 significantly. Kong et al.
40
 271 
noted that coal contains a certain amount of magnesium (Mg). This can be emitted 272 
into the atmosphere together with the smoke dust during the combustion of coal. 273 
However, burning natural gas cannot lead to this problem. Supply of heating with 274 
natural gas instead of coal can therefore significantly decrease the concentration of 275 
Mg
2+ 
in PM2.5. 276 
Lead (Pb) in the urban atmosphere was derived mainly from vehicle exhausts 277 
and coal combustion.
41, 42
 The number of motor vehicles in Urumqi was about 359 278 
000, 466 000, and 591 000 in March of 2011 and 2012 and June 2013.
43, 44
 279 
Theoretically, the concentration of Pb in PM2.5 in the atmosphere would be stable or 280 
slightly increase with the increasing number of motor vehicles. This is because China 281 
has adopted ULP (Un-Leaded Petrol, Pb  13 mg L-1) since 1 January 2000 and all 282 
petrol engines with ULP must be with the EURO III emission standard since 31 283 
December 2009. Therefore per vehicle Pb emissions will be stable but total vehicle Pb 284 
emissions may increase slightly during our study period (2011-2014). In fact, the 285 
concentration of Pb in the atmosphere in January 2013 was significantly reduced 286 
compared with January 2012. Clearly, automobile exhausts were not a major source of 287 
Pb in the atmosphere in Urumqi. The decrease in Pb in PM2.5 in Urumqi city should 288 
be mainly from the decreased Pb emissions from coal combustion due to the 289 
replacement of coal by natural gas in winter heating period. We conclude that coal 290 
combustion emission of Pb was the major source of the metal in the atmosphere in 291 
Urumqi. In contrast, burning natural gas does not generate emissions of Pb to the 292 
atmosphere. The concentration of Pb in PM2.5 in the atmosphere decreased 293 
significantly due to supply of heating with natural gas instead of coal in January 2013. 294 
Compared with burning natural gas, burning coal produced heavy metal emissions 295 
(e.g., Cu, Cd, Cr, Mn, Ni, Pb), arsenic (As) and aluminum (Al).
 42, 45-49
 Supplying 296 
heating with natural gas also significantly reduces the concentration of As, Cd, Cu, Cr, 297 
Mn, Ni and Al in PM2.5 (Fig. 3). 298 
Natural gas comprised 4.73% and coal 68.5% of total energy consumption in 299 
2012 in China. This compares with a global average of 23.9% for gas and 29.9% for 300 
coal (Fig. S9, Supporting Information). If we increase the contribution of natural gas 301 
to the total energy consumption in China to the world average, we can reduce the 302 
consumption of coal by 751 million tons and increase the consumption of natural gas 303 
by 583.2 billion cubic meters. Thus, we can reduce emissions of 4.57 million tons of 304 
SO2, 2.87 million tons of NOx and 0.734 million tons of dust. Compared with the 305 
national emissions of SO2, NOx and dust, increasing the proportion of natural gas 306 
consumption can reduce SO2 emissions by 21.6%, NOx emissions by 12.3% and dust 307 
emissions by 5.94% (Table 1) and this will help to improve atmospheric quality. If we 308 
increase the proportion of natural gas consumption from 4.73% to 23.9%, this will 309 
result in an additional consumption of 583.2 billion cubic meters of natural gas every 310 
year. The proven recoverable reserves of natural gas are only 3.1 trillion cubic meters. 311 
Fortunately, China has rich shale gas resources for which the proven recoverable 312 
reserves are 25.08 trillion cubic meters
24
. Shale gas is therefore likely to occupy an 313 
important place in the energy supply in the future and may represent an ideal 314 
transitional energy source which can reduce air pollution. Of course, the adverse 315 
effects of shale energy development (e.g., fugitive emissions of methane, groundwater 316 
contamination) should be considered carefully when large scale exploration of shale 317 
gas in the future.
50
 Meanwhile the proportion of other clean energy sources in 318 
particular renewable energy sources (e.g., solar, wind and biomass energy) should also 319 
be increased for better air quality in the future.  320 
Therefore, government decisions or policies will play a positive role in improving 321 
air quality. It would be worthwhile for China, especially in rapidly developing regions 322 
(e.g. the Yangtze River Delta, the Pearl River Delta and the North China Plain) to take 323 
more stringent measures (e.g. stricter emission standards and closure of heavily 324 
polluting enterprises) to control the emission of pollutants. Our case study reveals that 325 
haze in China will be greatly alleviated in the near future if we take action now. 326 
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 503 
Fig. 1. Comparison of the monthly mean PM2.5 concentrations in January 2011, 2012, 504 
2013 and 2014. The black line and triangle, lower and upper edges, bars and forks in 505 
or outside the boxes represent median and mean values, 25th and 75th, 5th and 95th, 506 
and 5th and 95th percentiles of all data, respectively. (Values in row without same 507 
letters are significantly different at p<0.01). 508 
n: sample size 509 
 510 
 511 
 512 
Fig. 2. Comparison of PM2.5 concentrations under the conditions of the same wind 513 
speed, a similar range of temperature and humidity changes. (Values in row without 514 
same letters are significantly different at p<0.01). 515 
 516 
 517 
Fig. 3. Concentrations of water-soluble inorganic ions in PM2.5 at SDS site during 518 
January 2011, January 2012, January 2013 and January 2014 in Urumqi (Values in 519 
row without same letters are significantly different at p<0.01). 520 
 521 
Fig. 4. Concentrations of metal elements in PM2.5 at SDS site during January 2012, 522 
January 2013 and January 2014 in Urumqi (Values in row without same letters are 523 
significantly different at p<0.01).524 
 Coal Natural gas    
 751 million tons (coal saving potential if 
its use reduced to 49.3% of national 
energy supply) 
583.2 billion cubic meters (additional gas 
required if its use raised to 23.9% of 
national energy supply) 
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factor (T / 
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Removal 
efficiency 
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efficiency 
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Emission 
(million 
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Reduction (million 
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National 
emissions 
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(million 
tons) 6 
Reduction 
rate (%) 
SO2 0.016 60.8 4.71 0.63 60.8 0.144 4.57 21.18 21.6 
NOx 0.009 40.0 4.06 3.40 40.0 1.19 2.87 23.38 12.3 
Dust 0.01 90.0 0.75 0.29 90.0 0.0167 0.733 12.36 5.94 
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